The Drosophila fertility factor kl-3 is linked to the Y-1
Introduction 39
In 1916 Calvin Bridges published his seminal paper in which he proved Morgan's 40 theory of Chromosomal Herdability 1 . In this same work Bridges also showed that the Y 41 chromosome of Drosophila melanogaster did not determined male sex but was essential 42 for male fertility. It was only in 1960 that Brosseau 2 performed a series of deletion 43 experiments showing that the D. melanogaster Y-chromosome contained seven fertility 44 factors (later reduced to six fertility factors 3 ), which were named as kl-1, kl-2, kl-3, kl-5, 45
ks-1 and ks-2. It took more than thirty years to find out that kl-5 contained the coding 46 sequence of a dynein proteins, which is responsible for the motility of flagella 4 x-dynein and a γ-dynein, respectively) 6,7 . Still, even in the genomic era, the study on Y-51 chromosome evolution and function has lagged behind. The Y chromosome is 52 heterochromatic in most species, which makes it difficult to identify Y-linked sequences 53 in many genome studies 8, 9 . Even now, with accessible sequencing technologies, the 54 most studied Y chromosomes are those of mammals (specially humans, chimpanzees 55 and mice) and Drosophila 6,7,10-17 . Recent studies proposed new approaches to use the 56 power of new genome sequencing technologies (NGS) to boost the identification of Y-57 linked sequences in new genomes. In the first study, Hall and collaborators 18 performed 58
Illumina DNA sequencing of males and females of Anopheles mosquitoes, and were 59 able to identify six new Y-linked genes in these insects. This method was also used to 60 describe the male sex determination gene in Aedes aegypti 19 . In the second study, 61
Carvalho and Clark 20 used sequences from female DNA to find specific male sequences 62 in the assembled Drosophila virilis and human genomes. They were able to identify 63 four new Y-linked genes in D. virilis and 300 kb of previously unidentified sequences 64 on the human Y chromosome. Insects have a variety of sex chromosome systems, 65 ranging from total absence of sex chromosomes to X0, X n Y, ZW and traditional XY. 66 Therefore, the study of genomes of non-model insects, such as insects' vectors of 67 disease, could provide valuable data to understand sex-chromosome evolution and 68 promote the expansion on the knowledge of insect biology. 69
Chagas disease is one of the most important parasitic infection in Latin America and 70 more than 12 million people are infected by Trypanosoma cruzi (the protozoan agent of 71 Chagas' disease) 21 . Triatoma infestans is the most important vector species in the 72 southern cone area of South America and with the effort of the Southern Cone Initiative 73 (which had the main goal of interrupting the T. cruzi transmission using chemical 74 insecticides to eliminate T. infestans populations) 22 its populations were highly reduced. 75
However, T. infestans persists as domestic and sylvatic populations in several areas of 76 the Gran Chaco region from Argentina, Bolivia and Paraguay and parts of the highland 77 valleys of Bolivia 23 and studies suggests that high genetic polymorphism could be 78 correlated to T. infestans resistance. Despite their medical importance, the research on 79 triatomine genetics is almost non-existent and only the genome of Rhodnius prolixus is 80 available so far. Cytogenetical studies suggests that Andean and non-Andean 81 populations of T. infestans have a significant difference in genome size (1.8Gbp and 82 1.1Gbp respectively), despite a constant number of diploid chromosomes (10A + XY), 83 which suggests a high variability in heterochromatin 24, 25 . 84
In 2016 we described nine new Y-linked genes in R. prolixus 26 . At that time, we could 85 only speculate on triatomine Y-chromosome role and on the origin of these 86 chromosomes. More than that, we pointed out the need of new triatomine genomes for 87 further evolutionary studies. Here we describe a thorough analysis of the T. infestans Y-88 chromosome. Differently from the R. prolixus Y-chromosome (in which we were not 89 able to find single copy genes), the T. infestans Y-chromosome harbors a single copy γ-90 dynein protein and we provide evidence that, as in D. melanogaster, this protein is 91 essential for T. infestans male fertility. 92 93 94
Results and Discussion

95
Chagas disease is one of the most important parasitic infection in Latin America and 96 more than 12 million people are infected by Trypanosoma cruzi (the protozoan agent of 97 Chagas' disease) 21 . Despite its relevance as vector of Chagas' disease, triatomine 98 genetics has been neglected for many years. The recent sequencing of R. prolixus and 99 the effort to sequence T. infestans (unpublished) has facilitated some genetic studies, 100 mainly in functional genomics using RNAi 27,28 . Still, a lot is missing in our knowledge 101 of gene function, chromosome organization and evolution. Y-chromosomes are 102 involved in major biological phenomena such as sex determination and male fertility. 103
They remain largely uncharacterized because of their high repeat content which 104 precludes sequence assembly into large and easily studied contigs. Using the approach 105 proposed by Carvalho and Clark (called YGS) we identified many Y-linked sequences 106 and found a single copy γ-dynein that is orthologous to the D. melanogaster kl-3. 107 108
Identification of Y-linked genes in Triatoma infestans. 109
Triatoma infestans genome was assembled into 4,865 scaffolds that cover 1.1Gb (~90% 110 of the genome). The number scaffolds that cover 50% of the genome (N50) is 224, the 111 N50 scaffold size is 1.1Mb. The YGS program 20 determines the percentage of k-mers 112 per scaffold that are unique to the male genome. Figure 1 The remaining 509 putative coding sequences were grouped into 390 clusters. Virtually 144 all clusters found were composed of multicopy genes (those clusters contained the 145 following R. prolixus Y-linked genes: met-Y, znf-Y1, znf-Y2; rpr-Y2 and rpr-Y3), while 146 only three clusters were composed of single copy genes. From those, two showed 147 similarities with RNA-polymerases while a third cluster (composed of 19 sequences) 148 showed high similarities with γ-dynein heavy chain proteins. It is important to make a 149 few considerations here. Many studies using genomics to identify Y-linked genes have 150 shown the difficulties on studying heterochromatic regions 6,7,18-20, 29 . Genome 151 assemblers based on short read sequences are not capable to assemble repetitive regions, 152 such as satellite rDNA. Hence, in most genome projects, Y-linked scaffolds are usually 153 composed of short contigs or are packed with gaps (in our case, gaps enclose nearly 154 30% of the scaffold sequences) 6 . Also, heterochromatic sequences are well known for 155 its richness in transposable elements (TEs), which creates an environment that facilitates 156 the increase in copies of heterochromatic genes 8,30,31 . Here we found that from 3,146 157 putative coding sequences, 2,637 are of TEs and at least 487 are multicopy genes. A 158 total of 22 coding sequences proved to be unique (single copy) and 19 of them showed 159 similarities with a single γ-dynein protein. Carvalho and cols. were the first to point out 160 that, due to the nature of Y genome assembly, Y-linked genes are usually scattered, and 161 incomplete, in assembled genomes, creating a signature of Y-linked genes 6 . Figure 1 Although BLAST results suggested that the Y-linked γ-dynein was similar the D. 172 melanogaster fertility factor kl-3, it was only with an evolutionary study that we could 173 ascertain this relationship. Indeed, using the D. melanogaster kl-3 paralogous gene to 174 ascertain ortholog status, phylogeny strongly suggests that the Y-linked γ-dynein is 175 orthologous to kl-3 ( Figure 2) . Kl-3 is not exclusive of D. melanogaster and T. infestans 176 and can be found in many insect species. However, in most species with sequenced 177 genomes, kl-3 is an autosomal gene. In fact, we do not have empirical evidence for kl-3 178 linkage in every species. However, the fact that in all these species (besides Drosophila 7 and T. infestans) kl-3, a ~15kbp gene, is easily found complete in large scaffolds, is a 180 strong evidence for autosomal linkage. Interestingly, we could not find (even in the read 181 archives) the kl-3 in R. prolixus (although we have found its paralogous gene CG9492). 
Silencing the expression of Triatoma infestans kl-3 causes male sterility 199
After the ascertain of the Y-linked γ-dynein status as orthologous to kl-3, we questioned 200 ourselves if this gene was essential for male fertility. We first quantified the kl-3 mRNA 201 expression during the insect development (Figure 3, panel A) . We observed that kl-3 202 mRNA starts to be expressed in very low levels in 4 th instars. The expression levels 203 increase significantly in 5 th instar males (when testis development is observable) and 204 maintain similar levels in adult males, with specific expression in testis. Interference 205 RNA has been successfully applied to triatomine functional genomics for more than ten 206 years 28, 32 , and recent studies suggests that gene knockdown are epigenetically heritable 207 in R. prolixus 27 . To understand if T. infestans kl-3 is essential for male fertility, we 208 injected 5 th instar males with 300ng of double stranded RNA targeting the kl-3 mRNA 209 (dsKL3). After moulting, dsKL3 treated animals were used to form couples with virgin 210 females, and egg laying was accompanied for five weeks. Our results show that kl-3 211 knockdown reduced the mean oviposition from 35.64±21.22 to less than 11.82±17.55 212 eggs laid per couple (Figure 1, panel B) . While the control group presents a normal 213 distribution of oviposition, the treated group presented a clear abnormal distribution 214 (with many females not laying any eggs). Kolmogorov-Smirnov tests showed that the 3-215 fold reduction in oviposition is statistically significant (p<0.01). When the number of 216 individuals in the progeny was evaluated, the differences were even more significant 217 (p<0.001), with a reduction in the number of offspring (Figure 1 In D. melanogaster, knockout of kl-3 causes sperm immobility. Immediately, a question 220 whether females were in fact inseminated and spermatozoa was immotile, was raised. 221
Indeed, spermatheca visualization in optical microscope showed that all females, from 222 both groups, were fertilized. However, there is no mention on the literature about sperm 223 motion in triatomines, and there is no protocol for such observations. Hence, the 224 evidences shown from now on are based on exploratory approaches and with no 225 quantitative procedures. In our slide preparations, we could not find sperm motility in 226 many samples from the control group. In those cases, were motility was observed, it 227 took up to ten minutes to observe some activity. For the kl-3 knockdown group, the 228 number of slides were motility was observed was even lower, and it took up to 20 229 minutes to observe any activity. However, we could not observe any correlation 230 between egg laying and sperm motility in dsKL3 treated females. As stated before, our 231 methodology was purely based in intuition and we are now preparing better protocols 232 and searching for objective quantitative methods to better understand how kl-3 233 knockdown impairs sperm motility. Nonetheless, this is the first report of sperm 234 motility in triatomines. One important issue that remains to be answered is the reason 235 why dsKL3 treated females did not laid eggs, since in R. prolixus virgin females lay 236 eggs normally. There is nor report if T. infestans females lay eggs normally and we are 237
performing experiments to answer that question. 238 
